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ABSTRACT: 23 
It has long been hypothesised that beds of highly organic mud or sapropels seen in 24 
marine sediment cores retrieved from the floor of the eastern Mediterranean 25 
accumulated during times of high Nile fluvial discharge. Our recent fieldwork in the 26 
valleys of the Blue Nile, the White Nile and the main Nile has for the first time 27 
revealed a sequence of extreme flood episodes synchronous with sapropel units S9 28 
2 
2 
(240 kyr), S8 (217 kyr), S7 (195 kyr), S6 (172 kyr), S5 (124 kyr), S4 (102 kyr), S3 29 
(81 kyr), S2 (55 kyr) and S1 (13.5-6.5 kyr). During times of extreme floods, wide 30 
distributary channels of the Blue Nile flowed across the Gezira alluvial fan in central 31 
Sudan and transported a bed load of sand and gravel into the lower White Nile valley. 32 
The sands were reworked by wind to form source-bordering dunes, all of which 33 
contain heavy minerals of Ethiopian provenance. These source-bordering dunes were 34 
active at 115-105 kyr, 60 kyr and 12-7 kyr, all times of extreme Blue Nile floods. The 35 
flood and dune sediments were dated using a combination of optically stimulated 36 
luminescence (OSL) and radiocarbon analyses. The Quaternary record of Nile floods 37 
discussed here shows a precessional signal and reflects episodes of stronger summer 38 
monsoon and more northerly seasonal movement of the ITCZ, linked to times of 39 
higher insolation in northern tropical latitudes. Progressive aggradation of Holocene 40 
Nile channels in northern Sudan has had a profound influence upon human settlement 41 
in the last 8 kyr. 42 
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1. Introduction50 
51 
The Nile is one of the world‟s great rivers (Fig. 1a). It is the longest river in the world 52 
(6,690 km) and has the world‟s fourth largest catchment (2.8 million km2). However,53 
its annual flow (88,500 GL) is two orders of magnitude less than that of the Amazon 54 
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(6,150,000 GL) and its annual yield (0.32 ML/ha) is only slightly more than that of 55 
the Murray-Darling (0.14 ML/ha), a river system similar to the Nile in also having a 56 
large and mostly arid to semi-arid catchment.  57 
 Garzanti et al. (2006) used the petrology of Nile sands in Sudan and Ethiopia 58 
to determine sediment budgets and erosion patterns in the three main tributaries of the 59 
Nile (White Nile, Blue Nile, Atbara). Padoan et al. (2011) extended this work, using 60 
the Sr and Nd isotopic composition together with heavy minerals and bulk 61 
petrography of Nile sediments (sands and muds) to identify the major sources of 62 
sediment throughout the Nile basin. They found that the Main Nile had an annual 63 
sediment yield of 77 ± 7 km
3
, with roughly 70% of the suspended load derived from a 64 
volcanic source: the Ethiopian headwaters of the Atbara and Blue Nile (Figs. 1a and 65 
7) but only about 39% of the bed load derived from volcanic rocks, in contrast to 66 
~56% from metamorphic and ~5% from sedimentary sources. Although the catchment 67 
area of the White Nile is half that of the entire Nile basin and contributes a third of the 68 
total water discharge, its annual sediment contribution to the Main Nile (7x10
6
 t) is 69 
trivial. This is because most of the present-day sediment is trapped in the lakes of 70 
Uganda, in the vast swamps of the Sudd and in the Machar marshes (Fig. 1a). 71 
 Three decades ago Rossignol-Strick and her colleagues proposed that the 72 
youngest sapropel unit in the eastern Mediterranean coincided with a time of very 73 
high early Holocene discharge from the Nile (Rossignol-Strick et al., 1982; 74 
Rossignol-Strick, 1985, 1999). (A sapropel is a layer of dark organic mud that formed 75 
under anoxic conditions on the floor of a lake or sea, in this case the Mediterranean). 76 
Since then a number of other workers have concluded that clastic muds rich in 77 
terrestrial organic matter and highly organic sapropels accumulated on the floor of the 78 
eastern Mediterranean during times of very high Nile flow (Lourens et al., 1996; 79 
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Cramp and O‟Sullivan, 1999; Mercone et al., 2001; Krom et al., 2002; Larrasoaňa et 80 
al., 2003; Ducassou et al., 2008, 2009; Rohling et al., 2009; Revel et al., 2010; Zhao 81 
et al., 2011, 2012; Hennekam et al., 2014).  82 
 All of these studies imply that discharge from the Nile was unusually high in 83 
order for the sapropels to form, but because they are based on analysis of marine 84 
sediment cores from the Nile cone and eastern Mediterranean, they cannot provide 85 
direct and independently dated evidence of exceptional floods in the Blue and White 86 
Nile catchments during times of sapropel formation. The aim of this paper is to rectify 87 
this omission and to provide directly dated sedimentary evidence to show that phases 88 
characterized by extreme flood events in the Blue and White Nile catchments were 89 
indeed synchronous with sapropel formation in the eastern Mediterranean during the 90 
last 250 kyr. We also provide evidence for the first time that three episodes of source-91 
bordering dune formation during the last 115 kyr coincided with times of high flow in 92 
the former distributary channels of the Blue Nile that traversed the Gezira alluvial fan 93 
(Fig. 1b). Our data come from Pleistocene and Holocene alluvium and sand dunes in 94 
our southern study area and Holocene alluvium and wind-blown dust in our northern 95 
study area. The lower White and Blue Nile valleys in central Sudan comprise the 96 
southern study area (Fig. 1b), while the main or desert Nile valley in northern Sudan 97 
to the west and east of Dongola forms the northern study area (Figs.1a and 6). 98 
 99 
2. The southern study area 100 
 101 
2.1 The Gezira alluvial fan 102 
 103 
5 
5 
The area between the lower Blue and White Nile valleys (Plate 1) is called the Gezira 104 
(Arabic for island) and is the region we have studied in greatest detail since it 105 
provides much of the best-dated evidence of extreme flood phases during the 106 
Quaternary. The Gezira is a low-angle alluvial fan bounded to the east by the present 107 
Blue Nile, to the west by the White Nile and to the south by the Managil Ridge. The 108 
Gezira is traversed by a series of defunct sandy channels that originate between the 109 
towns of Sennar and Wad Medani on the present-day Blue Nile (Fig. 1b). The sandy 110 
channels are unsuitable for irrigation, and are mostly avoided by farmers but are 111 
sometimes used as settlement sites for small villages. In addition, sand dunes occupy 112 
150 000 ha of the northwest Gezira, many of them recently reactivated as a result of 113 
overgrazing by sheep and goats of the former grass cover (mostly Panicum turgidum 114 
tussock grass) and removal of trees like Acacia (now Vachellia) tortilis and Capparis 115 
decidua for fuel and house building. At shallow depths along the White Nile there are 116 
localised areas with very high levels of salinity, which reflect the alluvial history of 117 
that river.  118 
119 
2.2. Previous work 120 
121 
Tothill (1946, 1948) was the first to show that the Gezira clays were alluvial and had 122 
not been formed by wind-blown dust. He considered that they had been laid down in 123 
late Pleistocene and early Holocene times as a result of seasonal flooding from the 124 
Blue Nile. He based his conclusions on the presence of aquatic gastropods in the 125 
upper two metres of Gezira clay west of the present Blue Nile and upon the presence 126 
of pyroxene and other heavy minerals indicative of a volcanic (i.e., Ethiopian) 127 
provenance. 128 
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 Williams (1966) provided the first radiocarbon ages for two sites east of the 129 
White Nile showing that these White Nile alluvial clays had been deposited during the 130 
terminal Pleistocene and early Holocene. He also proposed that the Gezira clays had 131 
been deposited by seasonal floods from distributary channels of the Blue Nile that 132 
radiated across the Gezira alluvial fan. Later work by Williams (1968a) showed that 133 
patterns of soil salinity in the western Gezira did not reflect present-day climatic 134 
gradients but did reflect the depositional history of the parent sediments. In addition, 135 
the hydraulic conductivity of the clays was strongly influenced by soil salinity and 136 
alkalinity (Williams, 1968b). The soil catena associated with the dune complex 137 
indicated that the dunes were often polygenic and that bodies of standing water had 138 
previously occupied the swales between dunes, leaving behind massive beds of 139 
calcium carbonate (Williams, 1968c). 140 
 Williams and Adamson (1974, 1980, 1982), Adamson et al. (1980, 1982) and 141 
Williams et al. (1982, 2000, 2010) conducted a comprehensive programme of 142 
radiocarbon dating of gastropod and other shells from Blue and White Nile alluvium 143 
and were able to show that there had been a series of Holocene phases of diminishing 144 
high flood levels in both rivers, with the last significant moist phase associated with a 145 
unique form of pottery manufacture using the siliceous spicules of the swamp 146 
dwelling sponge Eunapius nitens as temper (Adamson et al., 1987). The dated shells 147 
were tested for re-crystallisation using X-ray diffraction and modern Blue and White 148 
Nile shells from different species were dated to see if there was any significant 149 
reservoir effect. There was not.  150 
 The first attempt at luminescence dating of White Nile sediments was on cores 151 
collected from a 6 m deep trench dug near the village of Esh Shawal (Fig. 1b) located 152 
265 km upstream from the Blue and White Nile confluence at Khartoum. The OSL 153 
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ages revealed that White Nile alluvium at this site dated back to at least 240 kyr 154 
(Williams et al., 2003), consistent with independent but similar estimates for the 155 
approximate age of inception of Lake Victoria in the Ugandan headwaters (Talbot and 156 
Williams, 2009; Williams and Talbot, 2009). 157 
 Talbot et al. (2000) and Williams et al. (2006) showed that widespread 158 
terminal Pleistocene and early Holocene flooding and clay deposition in the lower 159 
White Nile valley followed the abrupt return of the summer monsoon in the Ugandan 160 
headwaters of the White Nile ~14.5 kyr ago.  It also coincided with a sharp decrease 161 
in Saharan dust flux into the Atlantic and the onset of what deMenocal et al. (2000) 162 
termed the African Humid Period. [This term is in fact a misnomer, since many 163 
regions of Africa south of the equator remained dry at this time (Gasse et al., 2008)]. 164 
This major Nile flood event caused erosion of many of the sand dunes in the lower 165 
White Nile valley (Williams, 2009) and was followed by Blue and White Nile 166 
incision and progressively reduced flooding until aridity set in about 4.5 kyr ago 167 
(Williams et al., 2010). The sudden return of the summer monsoon was synchronous 168 
with abrupt deglacial warming, itself preceded by a synchronization of North Pacific 169 
and Greenland climates 15.5 kyr ago, which lasted until 11 kyr ago (Praetorius and 170 
Mix, 2014). 171 
 Over a century ago Willcocks (1904, p. 42) observed that the Blue Nile flood 172 
caused the White Nile to form a seasonal lake for up to 300 km upstream of its 173 
present confluence with the Blue Nile at 15°36´ N and 3 km wide at its northern end. 174 
Barrows et al. (2014) built upon this observation and obtained 
10
Be ages for the beach 175 
ridge of the last interglacial White Nile when it formed a seasonal lake at least 650 km 176 
long and up to 80 km wide, with an area of approximately 45 000 km
2
, as a result of a 177 
sustained phase of extreme Blue Nile floods at that time. Williams et al. (2003) had 178 
8 
8 
previously mapped part of this lake but had not been able to date the beach ridge 179 
directly. 180 
Although these investigations have added much extra detail to our knowledge 181 
of the Quaternary history of the Nile, three important questions were still unresolved, 182 
namely, the age of the Gezira clay, the age of the Gezira palaeochannels, and the age 183 
of the lower White Nile dune complex. Our fieldwork in February 2010 and January-184 
February 2011 has helped to provide some firm numerical ages in answer to these 185 
questions, and has shown that phases of extreme Nile floods have been broadly 186 
synchronous with times of sapropel accumulation in the eastern Mediterranean during 187 
the past 250 kyr. 188 
189 
3. The northern study area190 
191 
3.1 The Northern Dongola Reach 192 
193 
Most of the work on the Holocene alluvial record of northern Sudan has been carried 194 
out in an eighty kilometres segment of the Northern Dongola Reach (NDR), which 195 
contains the New Kingdom site of Kawa (Fig. 6b). This is a low gradient alluvial 196 
reach upstream of the Third Cataract underlain by Nubian Sandstone and bordered to 197 
the east by a well-defined bedrock plateau. The maximum distance from the modern 198 
river to the plateau is about 18 km. In general, there is very little relief between the 199 
plateau and the modern river corridor except where belts of sand dunes are found. A 200 
few kilometres north of Kawa, river flows have been recorded at Dongola for over a 201 
century. Upstream of this town the Nile catchment extends over 1.6 million km
2
.202 
Research on the Holocene river history of the NDR was stimulated by, and carried out 203 
9 
9 
in collaboration with, a long-term exploration of the archaeology of the valley floor 204 
(Welsby et al., 2002). 205 
206 
3.2 Previous work 207 
208 
The Holocene archaeology provides important insights into the long-term behaviour 209 
of the Nile in this part of the catchment. The archaeological record was surveyed in 210 
detail in the mid-1990s by the Sudan Archaeological Society (SARS) led by Derek 211 
Welsby of The British Museum (Welsby, 2001; Welsby et al., 2002). This project 212 
recorded more than 450 archaeological sites between the modern Nile and the bedrock 213 
plateau – the vast majority of these sites date to the Neolithic (before 3500 BC) and 214 
Kerma periods (2400 BC to 1450 BC). The SARS survey identified three major 215 
palaeochannel belts and named them the Hawawiya Nile and Alfreda Nile – these 216 
channel belts converge in the northern part of the study area to form the Seleim Nile 217 
(Welsby et al., 2002; Woodward et al., 2001), which flowed all the way to Kerma (55 218 
km to the north) throughout the Neolithic and Kerma periods. The modern course of 219 
the river is known as the Dongola Nile.  220 
A key aim of the geomorphological research was to develop a robust 221 
independent dating framework for river activity in the NDR and to work closely with 222 
the SARS team to explore the long-term relationship between Holocene river 223 
dynamics and human activity (Woodward et al., 2001; Macklin et al., 2013). A further 224 
aim was to establish the wider significance of this river history within and beyond the 225 
Nile basin. 226 
Since the first geomorphological field season in 1995, a large body of data has 227 
been assembled on the Holocene alluvial record in the NDR from field mapping and 228 
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via sections exposed in groundwater pump pits, archaeological excavations and 229 
ancient well shafts (Woodward et al., 2001; Welsby et al., 2002; Williams et al., 2010; 230 
Macklin et al., 2013).  A dating framework has been created based primarily on OSL 231 
dating of sand units with a smaller number of radiocarbon dates on charcoal 232 
associated with in situ archaeological features. This is one of the best-dated Holocene 233 
fluvial records in the desert Nile (see Macklin et al., 2013 for details). The sites 234 
marked in black and red on Figure 6a indicate the locations to the east of the modern 235 
Nile where the fluvial record has been dated by OSL or 
14
C as reported in Macklin et 236 
al. (2013).  237 
 About 15 km west of the main Nile in the NDR, Williams et al. (2010) have 238 
reported radiocarbon ages from diatomaceous lacustrine silts deposited in the Qaab 239 
Depresssion. During periods of very high Nile flows, this former lake basin was fed 240 
by an east–west aligned overflow channel that exited the main Nile on latitude 241 
19°37´N. Three calibrated radiocarbon assays from freshwater gastropod shells 242 
bracket a phase of early to early-mid Holocene lacustrine sedimentation in the basin 243 
(10,073  96, 7862  45 and 7431  54 cal yr BP: see Williams et al., 2010, Table 4).  244 
 245 
4. Optically stimulated luminescence dating procedures 246 
 247 
Optically stimulated luminescence dating was applied to a suite of samples to 248 
determine the age of sediment deposition. Samples were collected from freshly 249 
cleaned sedimentary faces by hammering opaque tubes into the surface. The tubes 250 
were sealed to prevent light exposure at each end, and then returned to the 251 
luminescence laboratory where further analysis was undertaken under subdued red 252 
lighting. Two laboratories undertook analysis, one at the University of Adelaide and 253 
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one at Aberystwyth University. The two laboratories used similar analytical 254 
procedures, and the data sets produced have previously been shown to be comparable 255 
(Macklin et al. 2013).  256 
 The environmental dose rate to the grains was determined using a sub-sample 257 
of the material collected for luminescence measurements. After drying, the samples 258 
were finely milled and homogenised. A variety of methods were used for dosimetry. 259 
In Aberystwyth the beta dose rate was measured directly using a GM-25-5 beta 260 
counter, and the gamma dose rate calculated from ICP-OES and ICP-MS 261 
measurements of K, U and Th. In Adelaide the chemical composition of the sediments 262 
was also measured, using ICP-AES and ICP-MS. Additional measurements of U and 263 
Th were made using thick source alpha counting, and of K using X-ray fluorescence 264 
spectroscopy. The cosmic dose rate for all samples was calculated using the 265 
relationship between cosmic ray penetration, depth and latitude (Prescott and Hutton, 266 
1994). Where multiple methods of dose rate determination were undertaken, the 267 
results were averaged. The dose rates were corrected for the effect of grain size and 268 
water content, and are given in Table 1. 269 
 Samples for luminescence measurements were chemically treated with HCl 270 
and H2O2 to remove carbonates and organics, dry sieved to obtain grains in a narrow 271 
size range, density separated (2.62 to 2.70 g/cm
3
), etched in hydrofluoric acid to 272 
remove feldspars and etch the outer surface of the grains, and were finally sieved 273 
again to remove any residual feldspar fragments. This pure quartz fraction was then 274 
used for luminescence measurement using blue LEDs to generate an OSL signal. The 275 
single aliquot regenerative dose (SAR) procedure was used to determine the 276 
equivalent dose (De), and 24 aliquots were measured for each sample to assess the 277 
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reproducibility of the De. Data were screened using five acceptance criteria: (1) a 278 
recycling ratio within 10% of unity (15% for samples analysed in Adelaide), (2) and 279 
IR OSL depletion ratio (Duller, 2003) within 10% of unity (15% for samples analysed 280 
in Adelaide), (3) a net OSL signal from the first test dose that is at least three times 281 
greater than the standard deviation of the background, (4) a dose response curve that 282 
increases monotonically, and (5) recuperation, as measured for the zero dose point, 283 
that is less than 15% of the natural signal. These screening criteria tended to only 284 
remove 2-4 aliquots from each dataset (Table 1). 285 
 A number of different types of sediment was analysed including eolian sands 286 
blown into palaeochannels, dune sands and channel fills. An objective approach based 287 
on calculation of the over-dispersion (OD) of the De distribution was taken to assess 288 
whether the distribution of equivalent dose values was consistent with complete 289 
removal of trapped charge at the time of deposition. The OD of the dataset expresses 290 
the scatter in the dataset beyond that which can be explained by the measurement 291 
uncertainties. Where the OD was less than 20% the datasets were considered to be 292 
well bleached and the central age model (CAM) (Galbraith et al., 1999) was applied 293 
to the dataset. If the OD was greater than 20% then the finite mixture model (FMM) 294 
(Galbraith and Green, 1990) was applied to identify the best bleached component 295 
following the method of Rodnight et al. (2006). In general, where the FMM was 296 
applied, 90% of more of the De values were in the best bleached component, 297 
suggesting that if any incomplete bleaching occurred, it was limited in its impact. The 298 
age of each sample was calculated by dividing the De by the dose rate (Table 1). 299 
 The OSL signal from quartz in these samples was generally bright and 300 
dominated by a fast component (inset to Fig. 2a), and the suitability of the SAR 301 
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protocol for measurement of these samples is demonstrated by the high proportion of 302 
aliquots that passed the screening criterion. The majority of samples analysed in this 303 
study yielded De values that are comfortably within the range of the OSL dose 304 
response curve (Fig. 2a), and their reliability is supported by comparisons of quartz 305 
OSL ages with independent age control (Murray and Olley, 2002). A number of the 306 
samples were older, with equivalent dose values of 100 Gy or higher. In these samples 307 
the impact of saturation of the OSL signal is clear (Fig. 2b). Whilst the reliability of 308 
older OSL ages continues to be debated, these samples have natural signals that are 309 
less than 85% of the fully saturated value that Wintle and Murray (2006) suggested 310 
may be the upper limit for OSL dating, and ages are in stratigraphic order within 311 
uncertainties. 312 
5. Quaternary environments in the lower Blue and White Nile valleys  313 
 314 
5.1. Age of the Gezira clay 315 
 316 
Williams and Adamson (1980, 1982) suspected that the surface of the Gezira clay 317 
plain was diachronous. However, they were unable to provide firm evidence in 318 
support of this hypothesis, beyond noting that at Soba on the Blue Nile just upstream 319 
from Khartoum the radiocarbon ages of massive laminated carbonates along the banks 320 
of the Blue Nile showed them to be of late Pleistocene age. In addition, the surface 321 
grey clay unit when traced laterally for 15 km east of Esh Shawal was found to be 322 
underlain by a massive brown clay containing recrystallised gastropod shells of 323 
unknown age but certainly older than 15 kyr (Williams et al., 1982). 324 
 In February 2011 we sampled Etheria elliptica (Nile oyster) shells in the base 325 
of a surface grey clay unit 1-5 m thick exposed in the gravel quarries south of El 326 
14 
14 
Masoudia (Fig. 1b) located about 0.5 km west of the Blue Nile at 15°18´ N and 327 
32°53´ E. The oyster shells had calibrated AMS 
14
C ages of 40, 949 ± 477 and 43,411328 
± 545 (Table 2) and the OSL age near the base of the grey clay was 52 ± 7 kyr (Table 329 
1; Fig. 3: site 3a). We can draw several conclusions from these new ages. First, the 330 
uppermost clay layer in the Gezira ranges in age from Holocene to at least 40-50 kyr. 331 
It follows from this that certain portions of the Gezira alluvial fan have been inactive 332 
since the late Pleistocene while others have received sediment until early to middle 333 
Holocene times.  334 
335 
5.2. Age of the Gezira, Blue Nile and Dinder palaeochannels 336 
337 
A series of planar and cross-bedded fluvial sandy gravel units are clearly exposed 338 
beneath the 40-50 kyr surface clay unit in the Masoudia gravel quarries (Fig. 3: site 339 
3a). Sand lenses in two of the lower units have yielded OSL ages of 270 ± 30 kyr and 340 
190 ± 20 kyr (Table 1). A long interval of soil development followed the deposition of 341 
the older of the two Blue Nile gravel units visible in the quarries, and gave way to 342 
renewed gravel deposition and a further interval of prolonged pedogenesis and 343 
precipitation of irregular carbonate nodules and rhizocretions, under a climate that 344 
was probably as dry as that of today. A minor phase of erosion ensued, with 345 
deposition of rolled and well rounded carbonate gravels, presumably derived from 346 
erosion of the underlying calcareous palaeosol, and this was in turn followed by 347 
deposition of the surface grey clay mantle 40-50 kyr ago, with Nile oysters 348 
concentrated in the lower 10-15 cm of the clay. The alluvial clays indicate widespread 349 
flooding as a result of a stronger summer monsoon in the Ethiopian headwaters of the 350 
Blue Nile at this time. The early stages of such flood events would have caused death 351 
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by mass burial of beds of Nile oyster (Etheria elliptica) as a result of a sudden influx 352 
of abundant fine sediments, much as in the Roseires Dam reservoir today (Wohl, 353 
2011, p. 80). The oysters‟ preferred habitat is a rocky substrate and they are tolerant 354 
of fast flow, but die if smothered in fine sediment. Across the Gezira three gravel pits 355 
located 2 km north of Naima just east of the White Nile (Fig. 1b) revealed up to 2 m 356 
of alluvial gravels with oyster shells, one of which yielded an AMS 
14
C age of 38,900 357 
± 350 
14
C yr BP and a calibrated age of 43,766  ± 355 cal yr BP (Table 2; Fig. 3, site 358 
3b). These pits were located near the distal end of a Blue Nile palaeochannel (Fig. 359 
1b). 360 
 We examined two fossil-bearing sites near the village of Branko (Fig. 1b) at 361 
14°58´N and 33°15´E on the east bank of the Blue Nile ~150 km upstream from its 362 
confluence with the White Nile (Fig. 3: site 3c). One site was located ~1 km north of 363 
the village, and the other ~2 km south of the village. The southern site had previously 364 
yielded silicified bones of what is probably a rhinoceros femur (Dr Leslea Hlusko, 365 
University of California, Berkeley, in litt., January 2011; Dr Veerle Linseele, 366 
University of Louvain, spoken confirmation, January 2011) (Plate 2) embedded in 367 
partially cemented cross-bedded coarse fluvial sands and fine gravels, for which we 368 
obtained an OSL age of 104 ± 6 kyr (Table 1; Fig. 3: site 3c). The northern site 369 
belongs to the same stratigraphic unit and so is of similar age. It contained three 370 
broken pieces of a fossilised tree trunk 0.6 to 1.0 m in diameter and 4.05 m long, 371 
entirely replaced by crystalline calcium carbonate. From its dimensions, the tree may 372 
have been a former riparian Acacia (now Senegalia) senegal or one of the big 373 
deciduous trees such as Combretum that today grow over 300 km further south. There 374 
were also abundant silicified fragmentary mammal bones, horn cores and Nile oyster 375 
shells (Etheria elliptica) embedded in carbonate-cemented fluvial coarse sands and 376 
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gravels. We also observed a fossil branch 26 cm long and 3.5 cm diameter entirely 377 
encircled by a fossilised liana, suggesting a possible rain forest provenance. The 378 
gravels form a low terrace that is flooded during the summer rainy season but 379 
preserved from erosion by strong carbonate cementation (Barrows et al., 2014).  380 
 A series of sinuous palaeochannels are very clearly visible on air photographs 381 
of the northwest Gezira (Fig. 4a; Plate 3). These channels continue towards the White 382 
Nile and disappear beneath the dunes located between Jebel Aulia in the north and 383 
Naima in the south (Fig. 1b). In January 2010, we sampled two soil pits located 7 km 384 
west of Artimeili village at 14°54´ N and 32°33´ E. One pit was situated in a former 385 
back swamp, and had OSL ages of 70 ± 6 kyr, 53 ± 5 kyr and 71 ± 7 kyr (Table 1) at 386 
depths between 0.4 and 0.8 m below the surface (Fig. 4a: site 3d). Scattered across the 387 
surface were very hard rhizocretions of recrystallised calcium carbonate and 388 
fragments of fossil bone and, possibly, petrified wood.  389 
 A second soil pit located ~ 400 m south of the 76-50 kyr back swamp pit was 390 
in the centre of a large meandering palaeochannel. The channel consisted of very hard 391 
dark sandy clay to a depth of at least 3.35 m. One clay sample at 85 cm depth gave an 392 
OSL age of 5.2 ± 0.4 kyr while another from 112 cm depth had an OSL age of 12 ± 2 393 
kyr  (Fig. 1b; Fig. 3: site 3e). These ages are surprisingly young and may simply 394 
denote seasonal flooding from the Blue Nile during the early to mid-Holocene, 395 
blanketing pre-existing landforms in a veneer of clay. Alternatively, the 396 
palaeochannel continued to function until that time, with the clay denoting its final 397 
phase of activity. 398 
 We returned to this site in February 2011 and after some initial augering 399 
located a thinner portion of the dark grey brown sandy clay mantle, which was 400 
underlain by sand below a depth of 105 cm, similar to the palaeochannel stratigraphy 401 
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recorded by Williams (2009) in which up to 1.5 m of dark grey clay was underlain by 402 
alluvial sands and fine rounded gravels (Fig. 4b). The sand at this site varied from fine 403 
to medium loamy sand with traces of mica and became browner with depth. Three 404 
samples gave OSL ages of 69 ± 4 kyr at 111-120 cm depth, 88 ± 5 kyr at 146-156 cm 405 
depth, and 103 ± 9 kyr at 232-242 cm depth (Table 1; Fig. 3: site 3f).  These ages are 406 
very consistent stratigraphically and indicate a prolonged phase of fluvial sand 407 
entrainment and deposition in this area between about 100 kyr and 70 kyr ago. The 408 
overlap in age with the 70-50 kyr back swamp sediments suggests that they may have 409 
belonged to the same drainage system, which remained intermittently active for ~50 410 
kyr in this locality. 411 
 The Dinder is a major Ethiopian tributary of the Blue Nile (Figs.1b and 7). We 412 
collected three OSL samples of horizontally-bedded fluvial fine sandy clays and silts 413 
from the base of the 15 m high right bank of the Dinder near the village of Azaza 414 
Damos at 12°57´ N and 34°38´ E, within sight of the Ethiopian escarpment to the east. 415 
The upper 10 m of the section consist of grey brown vertisolic clays. The two lower 416 
silty units gave OSL ages of 58 ± 4 kyr and 60 ± 4 kyr (Table 1; Fig. 3: site 3g). A 417 
shell-bearing section located 150 m to the south and within the same stratigraphic unit 418 
gave calibrated AMS 
14
C ages for the gastropod and mussel shells of 41,303 ± 906 cal 419 
yr BP and 39,113 ± 203 cal yr BP, with one sample giving an AMS 
14
C age of 47, 814 420 
± 412 
14
C yr BP (Table 2; Fig. 3: site 3g) outside the present calibration range.  421 
 These ages are similar to the calibrated AMS 
14
C ages of 40, 949 ± 477 and 422 
43,411 ± 545 (Table 2; Fig. 3: site 3a) for the Etheria elliptica Nile oyster shells 423 
collected from the base of the grey clay at the Masoudia gravel quarry 500 m from the 424 
left bank of the modern Blue Nile (Fig. 4a). The ages are also very similar to the 425 
calibrated AMS 
14
C age of 43,766  ± 355 yr BP for oyster shells from alluvial gravels 426 
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near the distal end of a Blue Nile palaeochannel located 2 km north of Naima just east 427 
of the White Nile (Fig. 1b). Our tentative interpretation is that these ages mark the 428 
closing stages of a regime characterised by the transport of coarser sediment by the 429 
late Pleistocene Dinder and Blue Nile rivers, and its replacement with a suspension 430 
load regime of silt and clay.  431 
An informative Blue Nile palaeochannel section (Plate 4) was afforded by the 432 
Blue Nile sand quarry north of Singa (Fig. 1b) at 13°16.5´ N and 33°43´ E. The 433 
channel sands in this section appear to have been deposited during the early to mid-434 
Holocene. Shells collected at depths of -1.7 m, - 4.7 m and - 6.0 m from the upper 435 
surface of the quarry yielded calibrated AMS 
14
C ages of 12, 952 ± 42, 13, 438 ± 42436 
and 12, 943 ± 85 cal yr BP, respectively (Table 2; Fig. 3: site 3h). Three sand samples 437 
from depths of -8.8 m, -7.75 m and -7.25 m had OSL ages, respectively, of 8.2 ± 0.7 438 
kyr, 14 ± 1 kyr and 10 ± 1 kyr (Table 1; Fig. 3: site 3h), which are somewhat younger 439 
than the shell radiocarbon ages. The terminal Pleistocene around 14.5 kyr marked the 440 
return of the summer monsoon with renewed seasonal flood flows in the Blue and 441 
White Nile rivers  (Talbot et al., 2000; Williams et al., 2003, 2006; Marshall et al., 442 
2011).  443 
We are now in a position to summarise what is presently known about the age 444 
and abandonment of the Gezira and Blue Nile palaeochannels. The late Quaternary 445 
channels that radiate across the Gezira carried a bed load of sand and fine gravel from 446 
the volcanic uplands of Ethiopia. The heavy mineral suite of the source-bordering 447 
dunes and sandy point-bars associated with these channels is virtually identical to the 448 
heavy mineral assemblage from Blue Nile channel sands collected by one of us 449 
(MAJW) in December 1971 from the bottom of the Blue Nile gorge near Dejen in the 450 
highlands of Ethiopia (Williams and Adamson, 1973). In order of abundance, the 451 
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most common minerals in the Blue Nile gorge bedload sample are quartz, chlorite, 452 
magnetite, zircon, pyroxene, epidote, hornblende and rutile. The quartz grains in the 453 
Blue Nile sediment come from sandstones exposed at the base of the cliffs in the 454 
gorge as well as from the granites that crop out over 100 km downstream. The most 455 
common minerals in the dune sands are quartz, plagioclase, biotite, hornblende, 456 
magnetite, pyroxene, epidote, rutile, zircon, microline, feldspar, chlorite, calcite and 457 
limonite. Basalt fragments were also common in some dunes. 458 
Radiocarbon dates obtained previously on oyster and gastropod shells, 459 
charcoal and carbonate samples within the palaeochannel sediments suggested that the 460 
Blue Nile palaeochannels were at least seasonally active between >40 kyr and about 5 461 
kyr (Williams, 2009). The present work has extended the age of these surface 462 
channels back to at least 100 kyr and the near surface channels to at least 270 kyr 463 
(Masoudia gravel quarry site). The abandonment of the surface channels was a direct 464 
result of Holocene incision by the main Blue Nile channel, which began at least 8 kyr 465 
ago (Arkell, 1949; 1953; Adamson et al., 1982; Williams et al. 1982).  This incision 466 
effectively beheaded the distributary channels and deprived them progressively of 467 
their flood discharge.  As the Nile cut down into its former floodplain, a series of 468 
shallow drainage channels remained seasonally active and finally dried out.  469 
The final stages of infilling of these palaeochannels and adjacent floodplains 470 
involved deposition of a thin layer of dark grey-brown clay. The fining-upwards 471 
sequence reflects a change from the transport of pale yellow medium and coarse 472 
quartz sands and fine quartz and carbonate gravels derived from hard pedogenic 473 
nodules to grey brown silty clays, sandy clays and clays in the upper 50-150 cm. Clay 474 
deposition in the back swamps and flood plains of these channels dwindled and 475 
finally ceased about 5 kyr ago, when the seasonally flooded swampy plains gave way 476 
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first to acacia - tall grass savanna and finally to semi-desert steppe. The fossil snail 477 
fauna within the upper two metres of Holocene Gezira clay shows a progressive 478 
change from permanent water species such as Melanoides tuberculata, Bulinus 479 
truncatus, Biomphalaria pfeifferi and Cleopatra bulimoides to semi-aquatic species 480 
with lungs and gills (Lanistes carinatus, Pila wernei) to land snails (Tothill, 1946; 481 
1948; Williams et al., 1982). One of these, the large land snail Limicolaria flammata, 482 
today inhabits the acacia - tall grass savanna region to the south of Sennar (Fig. 1b) 483 
where the annual rainfall is at least 450-500 mm, in contrast to the 175 mm that now 484 
falls at Khartoum. Limicolaria was at its most widespread in this region ~5.2 kyr ago. 485 
 486 
5.3. Age of the lower White Nile dune complex 487 
 488 
 As noted in section 5.2, analysis of the heavy mineral assemblage in the upper 489 
three metres of the sand dunes located on a 100 km north to south transect 490 
immediately east of the present White Nile is consistent with an ultimate sediment 491 
source in the Ethiopian headwaters of the Blue Nile. These dunes may therefore be 492 
considered as source bordering dunes blown from sandy point bars fed by a regular 493 
supply of Blue Nile sand until the Gezira palaeochannels ceased to flow in the early to 494 
mid-Holocene.  495 
 Three conditions are necessary for the formation of source-bordering dunes. 496 
The first prerequisite is a regular supply of bed-load sands brought in by rivers that 497 
dry out seasonally, leaving their sandy point-bars exposed to deflation. The second 498 
requirement is an absence of riparian vegetation so that sand movement out of the 499 
channel through deflation is not impeded. The third condition is a regime of strong 500 
unidirectional winds to allow the mobilisation and transport of sand from the dry river 501 
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channel to form linear dunes downwind of the channel. In regard to the first condition, 502 
for the dunes to develop and continue to extend downwind, the alluvial sand supply 503 
needs to be regularly replenished. Once the sand supply eventually ceases, the dunes 504 
would become vegetated and relatively stable. If this analysis is correct, then any ages 505 
obtained for phases of dune accretion need not be indicative of aridity but could 506 
simply denote changes in sand supply, wind speed and dune surface plant cover. 507 
 A pit was dug on the summit of a prominent N-S aligned 9 m high vegetated 508 
linear dune (Plate 5) located ~2.5 km east of and parallel to the right bank of the 509 
White Nile at 14°58.5´ N and 32°28´ E (Fig. 4a). Along the western flanks of this 510 
dune were recently exposed human skeletons associated with charcoal, ostrich 511 
eggshell fragments and freshwater mussel shells, with calibrated 
14
C ages between 3 512 
and 1 cal kyr BP (Table 2, site 11/4, close to site 5b on Fig. 4a). The dune pit was 1.8 513 
m deep and was extended a further 3.25 m by hand auger, giving a total depth of 5.05 514 
m (Fig. 5: site 5a). The upper 1.8 m of the pit consisted of fine well-sorted eolian sand 515 
with OSL ages increasing from 0.8 ± 0.1 kyr at -0.6 m, to 1.5 ± 0.1 kyr at -1.1 m, to 5 516 
± 0.4 kyr at -1.75.m (Table 1). Below that level the sand changed progressively from 517 
a brown sandy clay loam at -2 m to a sandy clay at -4.4 m, becoming calcareous 518 
below that depth, with up to 20% irregular calcium carbonate nodules. The OSL ages 519 
were 7.4 ± 0.4 kyr at -2.4 m, 12 ± 1 kyr at -3.4 m, 15 ± 1 kyr at -4.4 m and 60 ± 6 kyr 520 
at -5 m. The texture changed abruptly to a massive fine sandy loam at a depth of 4.55 521 
to 4.70 m, suggestive of a change in depositional regime or an interval of soil 522 
formation. The sudden jump in age from ~15 kyr at -4.4 m to ~60 kyr at -5 m suggests 523 
that there may have been one or more phases of erosion and/or non-deposition, 524 
stabilisation and pedogenesis at some stage between 60 and 15 kyr. 525 
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 A second pit excavated on the gently sloping floodplain ~ 1.4 km west of the 526 
base of the dune gave some interesting results (Fig. 4; Fig. 5: site 5b). Calcareous silty 527 
clay at a depth of 83-93 cm had an OSL age of 14 ±2 kyr and an age of 13 ± 2 kyr at 528 
98-103 cm depth, both ages overlapping at one standard deviation from the mean. 529 
Below 107 cm depth the overlying clay gave rise to very well sorted very fine sand 530 
that we very tentatively consider to be of wind-blown origin, although a fluvial origin 531 
cannot be ruled out. The fine sand at 147-157 cm depth has an OSL age of 113 ± 8 532 
kyr, and that at 160-170 cm depth an OSL age of 115 ± 10 kyr (Table 1). These last 533 
two ages are broadly similar to that of 103 ± 9 kyr for the fine fluvial sand at 232-242 534 
cm depth in the Artimeili palaeochannel site (Table 1) in the north-central Gezira 535 
(Fig. 4; Fig. 3: site 3f). That particular palaeochannel can be traced laterally northwest 536 
on aerial photographs until it runs beneath the linear dune on its path towards the 537 
White Nile (Fig. 4a). The two sands may even belong to the same palaeochannel 538 
complex, but further speculation seems unwarranted. 539 
 We were able to obtain three OSL ages for the grey sandy clays immediately 540 
east of the visible base of the 9 m dune (Fig. 5: site 5c). The clays were overlain by 35 541 
cm of red brown clayey sand. The OSL ages were 7.3 ± 0.5 kyr at 57-70 cm depth, 542 
9.2 ± 0.5 kyr at 70-80 cm depth, and 10.0 ± 1 kyr at 94-102 cm depth (Table 1), all 543 
consistent with Holocene flooding and clay deposition. 544 
 A degraded dune 1.5 km northeast of El Geteina (Fig. 1b) at 14°52.6´ N and 545 
32°23.4´E revealed the following depositional sequence (Fig. 5: site 5d), from the 546 
surface down: (a) 0-17 cm: dry loose single grain reddish-yellow wind blown medium 547 
sand, with a sharp clear boundary to underlying unit. (b) 17-55 cm: loamy medium 548 
sand with a weak coarse sub-angular blocky structure and soft white calcium 549 
carbonate below 35 cm. (c) 55-70 cm: massive sandy clay loam with 3-5% soft 550 
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diffuse calcium carbonate. The OSL age at 60 cm depth was 11 ± 1 kyr and at 66 cm 551 
depth was 12 ± 2 kyr (Table 1). (d) 70-84 cm: massive light sandy clay loam with 552 
50% slightly hard pedogenic calcium carbonate nodules up to 1 cm in size. 553 
 A 4 m deep gravel pit opened in January 2010 in connection with the gas 554 
pipeline and located at 14°52.6´ N and 32°23.9´E, near to the El Geteina degraded 555 
dune pit, proved informative (Fig. 1b; Fig. 5: section 5e), although we were not able 556 
to obtain samples for dating. From the surface down the section consisted of four 557 
main depositional units: (a) 0-20 cm: loose dry single grain wind-blown sand. (b) 20-558 
150 cm: massive grey brown sandy clay loam grading upwards to sandy loam. (c) 559 
150-280 cm: massive brown sand clay soil with irregular pedogenic calcium 560 
carbonate nodules in the upper 25 cm. (d) 280-400 cm: rolled calcium carbonate 561 
fluvial gravels. 562 
 The following sequence of events may be inferred from the two trenches near 563 
El Geteina: (1) deposition of late Pleistocene fluvial gravels; (2) deposition of alluvial 564 
clay followed by late Pleistocene pedogenesis and calcium carbonate precipitation 565 
within the soil profile; (3) erosion of the soil surface; (4) terminal Pleistocene and 566 
early Holocene deposition of wind-blown sand. 567 
 A pit one metre deep was dug on the summit of a low dune ~2 km east of the 568 
degraded dune pit at 14°52.5´ N and 32°24.6´E. The dune consisted of planar and 569 
cross-bedded loose dry sand throughout (Fig. 5: section 5f). At both 85 cm and 95 cm 570 
depth the OSL age was not significantly different from zero (Table 1; Fig. 5: site 5f), 571 
indicating that this dune had been very recently reactivated. 572 
 In 2010 sand samples were collected from a 1.67 m deep pit dug in a dune 573 
located east of the Sabaloka cataract on the main Nile at 16°24.239´ N and 574 
32°41.425´E (Fig. 1b; Fig. 5: site 5g). This dune formed part of a complex of stable 575 
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older red dunes overlying rolled Nubian Sandstone gravels that represented either a 576 
higher Nile flood level or local wadi gravels graded to a higher Nile. The OSL ages 577 
were 5.6 ± 0.3 kyr at 33 cm depth, 6.2 ± 0.4 kyr at 63 cm depth and 9.4 ± 0.6 kyr at 578 
107 cm depth (Table 1). The ages are all in consistent stratigraphic order and denote 579 
vertical accretion of the dune during the early and middle Holocene. These three ages 580 
coincide with times of rapid climate change, polar cooling and tropical aridity 581 
identified by Mayewski et al. (2004). 582 
583 
6. Holocene environments in the main Nile valley, northern Sudan584 
585 
The most recent period of sapropel deposition in the Eastern Mediterranean ended 586 
around 6.0 kyr ago (Thomson et al., 1999) at the end of the so-called African Humid 587 
Period. If we consider the NDR records in relation to the formation of Sapropel 1 in 588 
the Eastern Mediterranean, the earliest Holocene ages are of particular interest.  Those 589 
sites where we have well dated evidence of fluvial sedimentation by the main Nile 590 
before 5.5 kyr are shown on Figure 6b. We have ten OSL ages >5.5 kyr and 6 of these 591 
are older than 6 kyr. Macklin et al. (2013) provide full details of all OSL ages and 592 
dating procedures used in the NDR study. Significantly, these ages show that all of 593 
the channel belts in the NDR as well as the modern Nile conveyed permanent flows at 594 
this time. The NDR was a multiple channel system in the early Holocene with a series 595 
of large islands. The presence of Neolithic settlements across the study area on all of 596 
the channels belts at this time (Figure 6a) provides independent evidence in support of 597 
a much greater area of the valley floor occupied by flowing channels before 5.5 kyr 598 
than is seen today. Floodwater farming was probably widespread at this time making 599 
use of the enhanced Nile flows. 600 
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The dated records from pits 38 and 40 in the far northeastern sector of this 601 
reach (Fig. 6b) show that the early Holocene Nile was flowing close to the bedrock 602 
plateau at this time. Plate 6 shows the sedimentary record exposed in pit 40 with thick 603 
deposits of grey Nile silts. Interestingly, the OSL age of 8.4  0.3 kyr was obtained 604 
from a distinctive bed of windblown orange sand that may represent a brief interval of 605 
dry climate and reduced flows during the deposition of Sapropel 1. This may correlate 606 
with the 8.2 kyr event (Rohling and Pälike, 2005). Several exposures in the eastern 607 
part of the NDR also preserve evidence of flooding from local wadis draining the 608 
bedrock plateau before 5.5 kyr. It is likely that these deposits were produced under a 609 
more humid climatic regime when the ITCZ encroached into this part of the Africa. 610 
Several lines of evidence therefore point to the presence of higher Nile flows 611 
in the NDR in the period before 5.5 kyr. The Qaab Depression would have received 612 
water from the main Nile when all of the major valley floor channel belts (Dongola, 613 
Hawawiya, Alfreda, and Seleim) were active. Together with the OSL-dated alluvial 614 
record in the Northern Dongola Reach, the Qaab lake record shows that this reach of 615 
the Nile was a multiple channel system that conveyed much higher discharges than 616 
present in the earliest Holocene and throughout the period of formation of Sapropel 1.  617 
A major change took place with the onset of the Kerma Period at 2400 BC when all 618 
archaeological sites in the NDR were located on the margins of the channel belts as 619 
the climate became drier and Nile flows decreased. Some of the smaller channels on 620 
the valley floor ceased to flow at this time. The detailed record of river channel 621 
dynamics and human-environment interactions through the Neolithic, Kerma and later 622 
periods is set out in Macklin et al. (2013). It is important to point out that meta-623 
analysis of the OSL and radiocarbon records from multiple sites across the Nile basin 624 
is beginning to show a higher resolution record of Holocene hydrological change in 625 
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the region with evidence for millennial- and centennial-scale change in river flows 626 
within the broader pattern of change presented here. 627 
    628 
7. Discussion 629 
 630 
7. 1. Climate, vegetation and sediment output from the Ethiopian Highlands 631 
 632 
A number of boreholes were drilled to depths of several hundred metres across the 633 
Gezira during a programme of groundwater prospecting in the 1970s. One of us 634 
(MAJW) examined the core samples and found a series of fining-upwards cycles 635 
evident in the stratigraphic record. Each cycle consisted of a basal unit of fluvial 636 
sands and gravels and an upper unit of grey-brown clay. El Boushi and Abdel Salam 637 
(1982) mapped a series of sub-surface sandy palaeochannels that radiated across the 638 
Gezira from southeast to northwest. As noted earlier, the Gezira is a vast low-angle 639 
alluvial fan laid down by the Blue Nile and its Ethiopian tributaries during the 640 
Quaternary and abutting along its western margin onto the Quaternary flood plains of 641 
the White Nile.  642 
  Thirty five years ago, when far fewer radiometric ages were available for this 643 
region, Adamson et al. (1980) and Williams and Adamson (1980) proposed a simple 644 
depositional model linked to climate and changes in plant cover in the Blue Nile and 645 
Atbara headwaters (Fig. 7) to account for these changes. During cold, dry glacial 646 
intervals the headwaters of major Ethiopian rivers would be sparsely vegetated, hill 647 
slope erosion would be accelerated and rivers would become highly seasonal, low-648 
sinuosity, bed-load streams which transported large volumes of poorly sorted sands 649 
and gravels. Conversely, with a return to warm, wet conditions and re-establishment 650 
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of a dense plant cover in the headwaters, we should see a change to high-sinuosity, 651 
suspended load streams that carried and deposited silts and clays. A fining-upwards 652 
alluvial sequence from coarse basal gravels through sands to horizontally bedded silts 653 
and clays is thus a predictable outcome of a change from bed-load to suspended-load 654 
regime, related to a change from glacial aridity to interglacial and postglacial climatic 655 
amelioration.  656 
 The precise timing of the last glaciation in the Ethiopian Highlands is still 657 
being investigated. Because of an absence of organic material in association with the 658 
moraines or outwash, it has not been possible to determine closely limiting or 659 
bracketing radiocarbon dates. Osmaston et al. (2005) considered that up to 180 km
2
 of 660 
the Bale Mountains of Ethiopia (Fig. 1a) could have been glaciated during the last 661 
glacial, with a central ice cap of at least 30 km
2
. Moraines and periglacial deposits in 662 
the Semien Mountains near the sources of the Tekezze and Blue Nile/Abbai rivers 663 
(Fig. 7) are presently being exposure dated using the cosmogenic nuclide 
36
Cl (Table 664 
3). The first seven ages obtained so far show that moraines associated with two sets of 665 
cirque glaciers have 
36
Cl exposure ages of 68.3 ± 3.5, 37.7 ± 1.4 and 15.3 ± 0.7 kyr 666 
for the cirque on the north face of Mt Bwahit (13°15.6´N and 38°11.5´E; elevation 4 667 
430 m) and 46.2 ± 2.1, 36.4 ± 1.6, 27.4 ± 1.0 and 18.1 ± 0.9 kyr for the cirque on the 668 
northwest face of Mt Mesarerya (13°12.8´N and 38°12.8´E; elevation 4 353 m) 669 
(Barrows et al., unpublished data). Sample preparation methods and age calculations 670 
follow Barrows et al. (2013). Some of the older ages may denote inheritance of 36Cl 671 
from older erosional surfaces due to shallow glacial erosion in these small cirques 672 
rather than a prolonged period of glaciation. Nevertheless, ice was present on Mt 673 
Mesarerya 18.1 kyr ago and on Mt Bwahit 15.3 kyr ago. The mapped lower limits of 674 
periglacial solifluction deposits in the Semien Mountains point to colder late 675 
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Pleistocene, possibly Last Glacial Maximum (LGM) conditions (4-8°C cooler) with a 676 
lowering of the upper tree line by ~1000 m during that time (Williams et al., 1978; 677 
Hurni, 1982). 678 
  As noted earlier, the presence or absence of glaciers in the headwaters region 679 
of the Tekazze/Atbara has important consequences downstream. Although the 680 
headwaters of the Abbai/Blue Nile do not emanate directly from the Semien 681 
Mountains, high mountains within the Blue Nile catchment area, such as Mt Guna 682 
(with an elevation of 4 231 m) which lies only 160 km to the south of the Semien Mts 683 
would most likely have experienced a similar history.  684 
7.2. Nile discharge and sapropel formation in the eastern Mediterranean 685 
  686 
There have been many very useful attempts to use variations in the physical and 687 
chemical properties of marine sediments obtained from deep-sea cores in the eastern 688 
Mediterranean to reconstruct past variations in Nile discharge and sediment flux 689 
(Ducassou et al., 2008, 2009; Rohling et al., 2009; Revel et al., 2010; Zhao et al., 690 
2011, 2012; Blanchet et al., 2013; Hennekam et al., 2014). These studies have almost 691 
invariably concluded that during phases of inferred very high Nile flow clastic muds 692 
rich in continental organic matter and highly organic sapropels accumulated on the 693 
floor of the eastern Mediterranean (Rossignol-Strick et al., 1982; Rossignol-Strick, 694 
1985, 1999; Lourens et al., 1996; Larrasoaňa et al., 2003; Ducassou et al., 2008, 695 
2009).  696 
 Zhao et al. (2012) used fluctuations in the ratio of iron to aluminium (Fe/Al) in 697 
marine core MD90-964 on the distal Nile fan in the Levantine Basin of the eastern 698 
Mediterranean as a measure of changes in inputs of Fe-bearing heavy minerals 699 
transported by the Nile from its Ethiopian headwaters and, indirectly, as a proxy for 700 
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changes in precipitation in that region. They found that times of peak values in the 701 
Fe/Al ratio coincided with times of sapropel formation as well as some periods in 702 
between. Spectral analysis of the Fe/Al fluctuations showed a 23-kyr precessional 703 
cycle, from which they concluded that precipitation changes in the Ethiopian Blue 704 
Nile and Atbara River headwaters reflected changes in the intensity of the African 705 
monsoon. They cited earlier studies based on Sr and Nd isotopic ratios and clay 706 
mineral composition of sapropels, which suggested reduced terrigenous input from 707 
the Nile during sapropel formation, whereas studies of heavy minerals indicated 708 
higher Nile discharge during monsoon maxima (Foucault and Stanley, 1989; Revel et 709 
al., 2010). This apparent contradiction was not explained. 710 
 In an earlier study, Zhao et al. (2011) obtained a record of oxygen isotope 711 
variations in marine core MD90-964 extending back to 1.75 Ma. They identified 21 712 
sapropel layers (characterised by organic carbon contents of at least 1%) and a further 713 
21 dark layers enriched in Ba but in which the carbon had been oxidised and removed, 714 
which they termed “ghost sapropels” and “hidden sapropels”. They used fluctuations 715 
in Ti and V as a proxy for fluctuations in Nile suspended sediment flux from the 716 
Ethiopian headwaters, which revealed a strong precessional signal as well as a more 717 
enigmatic 78-kyr signal. They noted that during times when the African monsoon was 718 
more intense precipitation would have been greater in the Ethiopian Highlands, 719 
resulting in higher runoff from the Atbara and Blue Nile. However, they also noted 720 
that higher rainfall would lead to a denser vegetation cover and hence less erosion. 721 
They concluded that fluctuations in Nile sediment discharge „are more the result of 722 
river transport capability than of erosion potential in source areas‟ (op. cit., p. 239). 723 
 These studies indicate that the factors governing Nile discharge and Nile 724 
sediment load are complex. Some insights into the processes governing sediment 725 
30 
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yield come from field monitoring in the seasonally wet tropics of northern Australia. 726 
At the hill slope scale, runoff plot measurements from this region show rates of soil 727 
detachment from raindrop impact up to 40 times greater for the same unit momentum 728 
of raindrop impact at the start of the wet season when the soil surface is bare than four 729 
months later when the plant cover is at a maximum (Williams, 1969, 1978). This 730 
sediment remains in temporary storage on the hill slopes until the streams and rivers 731 
are in flood, when it is carried out to sea. Once the initial pulse of sediment has been 732 
moved, discharge remains high but sediment load diminishes (Williams, 1976). These 733 
observations can be applied to the Nile. 734 
Blue Nile discharge is forty times greater in August, at the height of the wet 735 
season, than in May at the end of the dry season (Williams et al., 1982, Table 7.1). 736 
Suspended sediment concentration at Khartoum is forty times greater in August than 737 
in May (El Badri, 1972; Williams et al., 1982), so that during peak flow the Blue Nile 738 
transports nearly two thousand times more sediment in suspension than during the 739 
month of minimum flow. As water discharge slowly diminishes we might expect a 740 
more rapid reduction in sediment flux than in water flow, because sediment transport 741 
is a power function of stream velocity, which is in turn proportional to discharge. 742 
Recent work in the Snowy Mountains of southeast Australia provides 743 
additional insights into reasons for possible high seasonal rates of runoff from the 744 
Ethiopian headwaters of the Blue Nile and Atbara during times of much lower glacial 745 
temperatures. Reinfelds et al. (2014) found that in the Snowy Mountains detailed 746 
measurements of precipitation, temperature, evaporation and runoff revealed that 747 
runoff decreased by 17% for every 1° increase in annual temperature. On the basis of 748 
this observation, and assuming the converse to apply, they suggested that lower LGM 749 
temperatures in that region could have more than doubled runoff, thereby providing 750 
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an explanation for the very large late Pleistocene palaeochannels visible on the 751 
surface of the Australian Riverine Plain. Lower glacial temperatures in the Semien 752 
Mountains of Ethiopia may have been associated with very high rates of seasonal 753 
runoff from the Tekezze/Atbara and Blue Nile, enabling these rivers to ferry a 754 
substantial load of coarse sand and gravel into northern Sudan and southern Egypt 755 
during glacial intervals in the late Pleistocene. Such coarse alluvial deposits are 756 
present in that region but their origin has never been adequately explained.  757 
 There are two further sources of complexity when seeking to interpret events 758 
upstream relying solely on the distal marine sediment record. One concerns the 759 
relative sediment contributions from the Blue and White Nile (Foucault and Stanley, 760 
1969; Blanchet et al., 2013). According to Blanchet et al. (2013), marine core P362/2-761 
33 collected from the Nile deep-sea fan shows that the relative intensity of Blue Nile 762 
discharge was greater during the early and late Holocene when spring insolation was 763 
high in the Blue Nile headwaters but was reduced between 8 and 4 kyr ago, when 764 
autumn insolation was high and the White Nile came to the fore. The core also 765 
revealed evidence of an arid event at 8.5-7.3 kyr and again at 4.5-3.7 kyr. 766 
 The second source of complexity concerns the nature of material transported 767 
by the White Nile. During times of extreme aridity in East Africa, flow from the 768 
Ugandan lakes would be eliminated, White Nile flow would virtually cease, and the 769 
Sudd swamps in South Sudan would dry up. With the return of the summer monsoon, 770 
the Ugandan lakes would overflow and flow would resume in the White Nile. Until 771 
the Sudd had time to become re-established, White Nile discharge would be very 772 
much greater (because there would be no losses to seepage and evaporation in the 773 
Sudd), the flow regime far more seasonal, and the load transported would be much 774 
greater and far coarser, as shown in the large sandy cross-beds exposed in a sand 775 
32 
32 
quarry near Ed Dueim west of the present river (Williams et al., 2010). Once the Sudd 776 
became fully established the White Nile flow regime would again change and become 777 
less seasonal. (The ratio of high to low flow in the White Nile today is 2.5: 1; that of 778 
the Blue Nile 40:1; that of the Main Nile 16:1). At present about half the total annual 779 
discharge of the White Nile entering the Sudd, amounting to 20 km
3
, is lost to780 
evapotranspiration and seepage, and much of the sediment load is trapped in the Sudd. 781 
Only a few million tonnes of fine suspended sediment travel downstream. 782 
Tables 4 and 5 are an attempt to summarise the changes in discharge and 783 
sediment yield in the Blue and White Nile catchments during the last 21 kyr. The 784 
LGM (21 ± 2 kyr) in Ethiopia was in general very much drier than today with lakes in 785 
the Afar and Ethiopian Rifts shallow and saline or dry (Gasse, 2000a). However, 786 
temperatures were also much lower, so that snow persisted on the higher summits of 787 
the Semien and Bale Mountains, and small cirque glaciers (such as those on Mt 788 
Bwahit and Mt Mesarerya discussed in section 7.2) were present in the vicinity of the 789 
Tekazze/Atbara headwaters and, most probably, the upper basin of the Abbai/Blue 790 
Nile. Both rivers were even more seasonal than today with high flood peaks during 791 
the spring and early summer, enabling them to transport a bed load of coarse sand and 792 
gravel across the Gezira and into northern Sudan and southern Egypt, where it 793 
accumulated to form gravel terraces. With the return of a strong summer monsoon 794 
from 15 kyr onwards (Gasse, 2000b), there was a change in the type of sediment 795 
carried by the Blue Nile. No longer a bed load stream ferrying sand and gravel, the 796 
Blue Nile and its major tributaries, the Rahad, Dinder and Sobat, now began to 797 
transport a sizeable suspension load of silt and clay. Some of this clay was deposited 798 
across the surface of the Gezira, some along the flood plain of the Main Nile, but most 799 
of it reached the Mediterranean and accumulated on the Nile cone and delta.  800 
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 As noted earlier, the White Nile had a somewhat different pattern of water and 801 
sediment discharge to that of the Blue Nile and its tributaries. During the LGM as the 802 
Ugandan lakes dried out and no longer overflowed into South Sudan, the White Nile 803 
ceased to flow and the Sudd swamps dried out. With the return of the summer 804 
monsoon, flow resumed and until the Sudd swamps became re-established, the White 805 
Nile had a very high discharge (perhaps double that of today) and was able to 806 
contribute a sizeable bed load of coarse sand to the Main Nile. Once the Sudd had 807 
formed anew, acting as a gigantic physical and chemical filter, the White Nile load 808 
diminished to a few million tonnes of clay in suspension, and half of its former 809 
discharge was lost to seepage and evapotranspiration in the vast Sudd swamps of 810 
South Sudan.  811 
  812 
7.3. East Mediterranean sapropel chronology 813 
 814 
 Before discussing the links between sapropel formation and intervals of very 815 
high flooding in the lower Atbara, Blue and White Nile valleys, we need to consider 816 
the scope and limitations of sapropel chronology in the eastern Mediterranean. 817 
Lourens et al. (1996) have provided a comprehensive review of every sapropel 818 
identified in the Mediterranean until that time, with ages inferred from oxygen isotope 819 
stratigraphy in deep-sea cores calibrated against the astronomical time scale. The ages 820 
they cite are mid-point ages and do not show the age range of each sapropel. Many 821 
workers have noted that individual sapropels can be missing from adjacent marine 822 
sediment cores or can vary in thickness. Differential oxidation of the organic carbon 823 
within a sapropel is the main reason for this, and helps to explain the widely different 824 
age estimates for the youngest and best preserved of all the sapropels: sapropel S1. 825 
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Ages proposed for S1 range from 12-6 kyr (Cramp and O‟Sullivan, 1999), 13.7-12.4 826 
near the base and 9.9-8.9 near the top (Ducassou et al., 2009), 9.5-6.6 kyr (Revel et 827 
al., 2010), and 10.1-6.5 kyr with a gap at 8.2-7.9 kyr (Hennekan et al., 2014). 828 
 Reference to figures 4 and 5 in Ducassou et al. (2009) suggests ages of 55 ± 1 829 
kyr for S2 (MIS 3), 78-82 kyr for S3 (MIS 5a), 96-100 kyr for S4 (MIS 5c), 118-125 830 
kyr for S5 (MIS 5e), 170-180 kyr for S6 (MIS 6) and 194-200 kyr for S7 (MIS 7). All 831 
of the Marine Isotope Stages specified are warm intervals except for MIS 6, which is 832 
a cold interval. Cramp and O‟Sullivan (1999) noted that sapropel S8 also coincides 833 
with a cold climatic interval in the Mediterranean, and commented that sapropel S2 is 834 
often missing or not visible. Given these caveats, the ages proposed for each sapropel 835 
should be considered best present estimates only. The ages we cite in section 7.4 are 836 
those of Lourens et al. (1996) unless specified otherwise. 837 
 838 
7.4. Blue and White Nile flood phases and associated sapropel formation in the 839 
eastern Mediterranean 840 
 841 
 Figure 8 shows phases of high Nile floods, as determined in this study, in 842 
relation to dated intervals of sapropel formation in the East Mediterranean during the 843 
last 250 kyr. Flood deposits exposed in trenches dug east of the present White Nile 844 
near Esh Shawal village 265 km south of Khartoum (Williams et al., 2003) show 845 
episodes of middle to late Pleistocene high flow (Fig. 2b) which, within the limits of 846 
the dating errors, coincide with sapropel units S8 (217 kyr), S7 (195 kyr) and S6 (172 847 
kyr) (Lourens et al., 1996). These were all times when the White Nile was depositing 848 
fine sand and clayey sand across its flood plain. Sapropel 5 (124 kyr) was 849 
synchronous with major flooding and the creation of an enormous seasonal lake in the 850 
35 
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White Nile valley (Barrows et al., 2014) and with a prolonged wet phase at ~125 kyr 851 
at Kharga Oasis in the Western Desert of Egypt (Kieniewicz and Smith, 2007). The 852 
final stages of the White Nile mega-lake and its regression dated to 109 kyr, after 853 
which it never filled to such a high level. Recently dated high flood deposits on the 854 
main Nile are roughly coeval with sapropel units S6 (172 kyr) and S3 (81 kyr) 855 
(Williams et al., 2010). Each sapropel unit probably encompasses an episode several 856 
thousand years in duration of above average floods in the Nile. 857 
Until now there have been no well-dated terrestrial fluvial sediments from the 858 
Nile synchronous with sapropel unit S2 (55 kyr) and S4 (102 kyr). Our 50-60 kyr ages 859 
for the Nile oyster-bearing clays at Masoudia, for the shells and silty clays in the 860 
banks of the Dinder river near the Ethiopian border, for the sandy clay near the base 861 
of the linear dune, and for the uppermost fluvial sands in the Artimeili palaeochannel 862 
are all consistent with a major wet phase at about this time. For the first time we now 863 
also have ages of major Blue Nile flooding at ~100 kyr at the Branko fossil sites, and 864 
in the Artimeili palaeochannel sands, coeval with sapropel S4 (102 kyr). Within the 865 
error terms, the two oldest OSL ages we obtained of 273 ± 26 kyr and 188 ± 21 kyr  866 
(Table 1a) for the Masoudia Blue Nile gravels are broadly coeval with sapropel S9 867 
(240 kyr) and S7 (195 kyr).  868 
The oldest Blue Nile palaeochannels exposed on the surface of the Gezira 869 
alluvial fan date were synchronous with or slightly younger than sapropel S5 and 870 
remained active during the formation of S4, and both before and after the formation of 871 
S3, after that of S4, and during that of S1 (Fig. 8). Deposition of the Blue Nile flood 872 
plain clays was coeval with the formation of S3, S2 and S1, and continued between 873 
the formation of S3 and S2. The Dinder flood plain silts were accumulating during 874 
and after the formation of sapropel S2. Floods along the Main Nile precede the 875 
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formation of sapropel S5 and S1, but also coincide with S3 and S1. In the middle 876 
Atbara valley, floods were synchronous with S5 (last interglacial) and, possibly, with 877 
S4 (Abbate et al, 2010). Source-bordering dunes in the lower White Nile valley were 878 
active during the formation of S1, S2 and during or after the formation of S5. 879 
 The most recent sapropel S1 in the eastern Mediterranean is a 880 
composite unit, with ages of 13.7-12.4 kyr near the base and 9.9-8.9 kyr near the top 881 
(Williams et al., 2010). The gap in the S1 record may coincide with the arid phase 882 
seen in other parts of Africa coeval with the Younger Dryas (~12.5-11.5 kyr). Higgs 883 
et al. (1994) considered that formation of sapropel S1 may have ended as recently as 5 884 
kyr ago, which is also when the Nile deep-sea turbidite system became inactive as a 885 
result of reduced sediment discharge from that river (Ducassou et al., 2009). The 886 
interval from ~13.7 to 8.9 kyr and locally up to 5 kyr, also coincides with a time when 887 
freshwater lakes were widespread in hollows between the White Nile dunes 888 
(Adamson et al., 1974; Williams and Nottage, 2006), as well as west of the Nile and 889 
in the eastern Sahara (Williams et al., 1974; Ayliffe et al., 1996; Abell and 890 
Hoelzmann, 2000; Hoelzmann et al., 2004; Williams et al., 2010; Williams and 891 
Jacobsen, 2011) and when the White Nile attained flood levels up to 3 m above its 892 
modern unregulated flood level. In the desert Nile of northern Sudan well-dated 893 
archaeological and geomorphological data demonstrate the presence of more 894 
numerous and wider river channels (and therefore much larger Nile flows) during this 895 
period (Woodward et al. 2001; Macklin et al. 2013). 896 
Where independently dated comparisons exist between sapropel formation 897 
and Nile floods, they point to synchronism between sapropel accumulation and times 898 
of higher Nile flow, indicative of a stronger summer monsoon at these times.  899 
Although the sapropel record in the eastern Mediterranean is incomplete, with some 900 
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evidence of complete removal of sapropels by post-depositional oxidation (Higgs et 901 
al., 1994), it is a longer and more complete record than that presently available on 902 
land, and so can serve as a useful surrogate record for Nile floods and phases of 903 
enhanced summer monsoon precipitation. It is interesting to note that McDougall et 904 
al. (2008) also correlated rapid deposition of three well-dated members of the Kibish 905 
Formation in the lower Omo valley with sapropel units in the Mediterranean. Member 906 
1 (196 kyr) was coeval with sapropel S7 (195 kyr), Member III (104 kyr) with 907 
sapropel S4 (102 kyr) and Member IV (9.5-3.3 kyr) with sapropel S1. These were all 908 
times of stronger summer monsoon, with Lake Turkana 20-40 m deeper and 909 
overflowing into the White Nile via the Pibor and Sobat rivers. In addition, the 910 
headwaters of the Omo and Blue Nile share a common divide, consistent with very 911 
high flow in the Blue Nile at those times, as discussed earlier.  912 
In the middle Atbara valley, Abbate et al. (2010) have identified two major 913 
Pleistocene fluvial formations rich in fossils and prehistoric stone tools. The younger 914 
of the two alluvial formations contains abundant vertebrate remains and late 915 
Acheulian to Middle Stone Age artefacts. It comprises three sub-formations. From the 916 
base up these are sands from meandering rivers; braided river deposits evolving into 917 
sinuous river sands; and braided river pebbly sands and sheet flow deposits. Two 918 
U/Th ages of 126.1 ± 1.0 kyr and 92.2 ± 0.7 kyr obtained from mollusc patch reefs 919 
with stromatolite coatings at the base of the two younger sub-formations indicate that 920 
the river became active during MIS 5e and MIS 5c, coeval with sapropel units S5 and 921 
S4, respectively. The oldest sub-formation was attributed to MIS 7, coeval with 922 
sapropel S7, but in the absence of any radiometric ages this inference remains 923 
conjectural. 924 
The Blue Nile has cut down at least 10 m since ~15 kyr and at least 4 m 925 
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since 9 kyr, with concomitant incision by the White Nile amounting to 4 m since ~15 926 
kyr and at least 2 m since 9 kyr  (Arkell, 1949, 1953; Williams and Adamson, 1980; 927 
Williams et al., 2000). Such incision would help to drain previously swampy flood 928 
plains, freeing them for Neolithic and later cultivation. A number of episodes of high 929 
Nile floods occurred during this time and are reflected in the presence of cross-bedded 930 
sands and shell-bearing clays above the maximum unregulated flood levels. Thanks to 931 
a very gentle flood gradient (1:100 000) the post-LGM flood deposits in the lower 932 
White Nile valley are well preserved. Calibrated 
14
C ages obtained on freshwater 933 
gastropod and amphibious Pila shells and fish bones show high White Nile flood 934 
levels around 14.7-13.1, 9.7-9.0, 7.9-7.6, 6.3 and 3.2-2.8 kyr. The less complete Blue 935 
Nile record shows very high flood levels towards 13.9-13.2, 8.6, 7.7 and 6.3 kyr 936 
(Williams, 2009).  937 
Mayewski et al. (2004) synthesised the results from some fifty globally 938 
distributed Holocene paleoclimate records spanning the time interval from 11.5 kyr to 939 
present. They identified six significant periods of rapid climate change during 9-8, 6-940 
5, 4.2-3.8, 3.5-2.5, 1.2-1.0 and 0.6-0.15 kyr, the first five of which coincided with 941 
polar cooling and tropical aridity. The intervals in between were wetter in the tropics 942 
and, allowing for dating errors, tally reasonably well with the intervals of high Blue 943 
and White Nile floods identified here. A more detailed record of times of high and 944 
low precipitation in the White Nile headwaters region comes from Lake Challa on the 945 
eastern flank of Mt Kilimanjaro (Verschuren et al., 2009). The lake was high between 946 
14 and 13 kyr and again very high between 10.5 and 8.5 kyr. Levels were low during 947 
12.8-12.4, 8.0-6.7, 5.9-4.7, 3.6-3.0 and 0.7-0.6 kyr. The intervals between or after 948 
these times of low lake level were relatively wet and are in reasonable accord with the 949 
White Nile Holocene chronology.  At the site of Erkowit in the Red Sea Hills 950 
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(Mawson and Williams, 1984) there is evidence of permanent stream flow towards 951 
1.8-1.6 kyr, coinciding with high White Nile flows but not so far evident in the much 952 
more incomplete Blue Nile sedimentary record.  953 
 954 
8. Conclusion 955 
 956 
The results of our work in 2010 and 2011 show that the surface palaeochannels that 957 
cross the Gezira were active from at least 103 kyr ago to about 5 kyr ago, and that the 958 
dunes between Jebel Aulia and Wad ez Zaki are of similar age. The earliest surface 959 
deposits of Gezira clay were laid down 50 kyr ago, when there was a major change in 960 
the flow regime of the Blue Nile and Dinder associated with a stronger summer 961 
monsoon. We now have luminescence ages for the near-surface Blue Nile gravels 962 
near Masoudia south of Khartoum indicating that the Blue Nile was actively 963 
transporting gravel in this area over 250 kyr ago. Finally, the rhinoceros fossils near 964 
Branko village some 150 km upstream of Khartoum on the east bank of the Blue Nile 965 
are 104 ± 6 kyr old, at which time there was also a major change in Blue Nile flow 966 
regime and more intense summer rains. The Gezira is thus a polygenic low-angle 967 
alluvial fan, some parts of which were laid down during the Holocene, and others at 968 
intervals between at least 250 kyr and 15 kyr ago. 969 
 Two major achievements of the 2010 and 2011 field seasons in the lower Blue 970 
and White Nile valleys have been to extend the documented Quaternary flood history 971 
of the Blue Nile back from 15 kyr to at least 270 kyr and to obtain a chronology for 972 
the palaeochannels visible on the surface of the Gezira fan extending back to at least 973 
103 kr, coincident with sapropel S4 (102 ka) in the eastern Mediterranean. Other 974 
achievements include establishing a chronology for the vegetated linear dunes 975 
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40 
immediately east of the White Nile extending back to at least 115 kyr, and to 976 
demonstrate a major change in depositional regime in the Blue Nile and Dinder rivers 977 
at ~55 kyr synchronous with sapropel S2 (55 kyr). Our results have confirmed the 978 
close relationship that exists between times of sapropel accumulation in the eastern 979 
Mediterranean and independently dated evidence of major fluvial activity in both the 980 
Blue and the White Nile valleys during the last quarter of a million years. They have 981 
also shown that times of widespread clay deposition by the Blue Nile were slightly 982 
out of phase with times when Blue Nile distributary channels were carrying a bed load 983 
of sand and gravel across the Gezira alluvial fan. The clay flood plain deposits 984 
coincide with summer monsoon peaks while the channel sands indicate somewhat 985 
drier and more seasonal conditions in the headwaters, with a reduced annual discharge 986 
but high seasonal peak flows. 987 
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Figure captions 1347 
1348 
Figure 1a. Nile basin. S is the southern study area, shown in detail in Fig. 1b. N is the 1349 
northern study area, shown in detail on Fig. 6. Inset square on right is Blue Nile and 1350 
Atbara headwaters, shown in detail on Fig. 7. 1351 
1352 
Figure 1b. Southern study area showing Blue Nile Quaternary palaeochannels and 1353 
location of certain dated stratigraphic sections.  1354 
1355 
Figure 2a. Dose response curve for one aliquot of sample S11/A2-2, which gives a De 1356 
of 10.1±0.3 Gy. The natural OSL decay curve is shown in the inset. Note the 1357 
logarithmic scale on the y-axis.  1358 
Figure 2b. Dose response curve for sample S11/2-3, illustrating the curvature of the 1359 
OSL response at high doses. 1360 
Figure 3. Stratigraphic alluvial sections of the Quaternary White Nile, Blue Nile and 1361 
Dinder Rivers, central Sudan. 1362 
1363 
Figure 4a. Blue Nile palaeochannel meanders east of the lower White Nile near El 1364 
Geteina (after Williams, 2009) showing location of certain dated stratigraphic 1365 
sections. 1366 
1367 
Figure 4b. Stratigraphic section across a palaeochannel meander 7 km west of 1368 
Artimeili village showing fining upward sequence from late Pleistocene to Holocene 1369 
(after Williams, 2009). 1370 
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Figure 5. Stratigraphic sections through Late Quaternary sand dunes, lower White 1372 
Nile valley, central Sudan, and west of 6
th
 Cataract, Sabaloka gorge , Main Nile1373 
valley.  1374 
1375 
Figure 6a. The Dongola Reach of the present-day Nile and the palaeochannel belts in 1376 
the Northern Dongola Reach, showing the distribution of Neolithic sites.  1377 
1378 
Figure 6b. Locations where we have logged sections and/or dated samples from the 1379 
Holocene alluvial record. 1380 
1381 
Figure 7. Blue Nile headwaters. Land over 2,000 m is shown in brown. Note location 1382 
of stratigraphic section 3g on the banks of the Dinder. 1383 
1384 
Figure 8. Phases of high Nile floods in relation to dated intervals of sapropel 1385 
formation in the East Mediterranean during the last 250 kyr. 1386 
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List of Plates 1389 
Plate 1. Satellite image showing the area between the lower Blue and White Nile on 1390 
June 19, 2003 (compare Fig. 1b). The image is from the Moderate Resolution Imaging 1391 
Spectroradiometer (MODIS) Aqua satellite, courtesy Jacques Descloitres, MODIS 1392 
Rapid Response Team at NASA GSFC. Gezira Irrigation Area appears brown on this 1393 
image. 1394 
58 
58 
Plate 2. Fossil rhinoceros bones retrieved from late Pleistocene (100 kyr) alluvial 1395 
sands and fine gravels adjacent to the present Blue Nile, 2 km south of Branko 1396 
village, central Sudan. The scale is 30 cm long. 1397 
1398 
Plate 3. Aerial photograph showing meandering Blue Nile palaeochannels 15 km east 1399 
of the lower White Nile, central Sudan. The channels were active between 100 and 50 1400 
kyr ago, and are flanked and partly obscured by Holocene clays and sporadic sand 1401 
dunes. Figure 3a, site 3d shows the location. 1402 
1403 
Plate 4. Satellite image showing terminal Pleistocene and early Holocene Blue Nile 1404 
palaeochannels and sand north of Singa, central Sudan. Figure 1b, site 3h shows the 1405 
location. 1406 
1407 
Plate 5. Aerial photograph showing now vegetated and stable linear sand dune located 1408 
2.5 km east of the lower White Nile, central Sudan. This dune was intermittently 1409 
active during the last 50 kyr. Holocene flood plain clays are banked against the dune. 1410 
Figure 3a, site 5a shows the location. 1411 
1412 
Plate 6. Holocene sedimentary record exposed in Pit 40. The arrow points to the sand 1413 
unit that yielded the OSL age. The OSL sample was collected at a depth of 3.35 m 1414 
below the modern land surface. 1415 
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Table 1: Optically stimulated luminescence ages for sites in the White Nile, Blue Nile and Dinder valleys, central Sudan. *Denotes age cited in Barrows et al., 
2014. 
Dose Rate (Gy/ka) 
Sample Section/ 
Fig. no. 
Depth 
(m) 
Grain Size 
(µm) 
Beta 
1
 Gamma 
1
 Cosmic Total Num. 
aliquots 
Age 
Model 
De (Gy) Age (ka) 
S10/1-1     Ad 
5g 
1.07 125-180 0.41 ± 0.03 0.32 ± 0.05 0.19 ± 0.02 0.92 ± 0.03 22(24) CAM 8.7 ± 0.5 9.4± 0.6 
S10/1-2     Ad 0.63 125-180 0.41 ± 0.05 0.31 ± 0.03 0.20 ± 0.02 0.93 ± 0.03 22(24) FMM 5.7 ± 0.3 6.2 ± 0.4 
S10/1-3     Ad 0.33 125-180 0.43 ± 0.03 0.32 ± 0.03 0.20 ± 0.02 0.96 ± 0.03 23(24) FMM 5.4 ± 0.3 5.6 ± 0.3 
S10/2-1     Ad 
3d 
0.50 125-180 1.08 ± 0.07 0.58 ± 0.03 0.20 ± 0.02 1.86 ± 0.05 24(24) CAM 131 ± 7 70 ± 6 
S10/2-2     Ad 0.70 125-180 0.94 ± 0.06 0.51 ± 0.03 0.19 ± 0.02 1.66 ± 0.04 23(24) CAM 88 ± 6 53 ± 5 
S10/2-3     Ad 0.79 125-180 1.06 ± 0.07 0.58 ± 0.03 0.19 ± 0.02 1.85 ± 0.05 24(24) CAM 131 ± 9 71 ± 7 
S10/3-1     Ad 
3c 
0.85 125-180 0.82 ± 0.04 0.62 ± 0.03 0.19 ± 0.02 1.64 ± 0.05 24(24) FMM 8.6 ± 0.5 5.2 ± 0.4 
S10/3-2     Ad 1.12 125-180 0.88 ± 0.04 0.68 ± 0.03 0.18 ± 0.02 1.76 ± 0.06 23(24) FMM 21 ± 4 12 ± 2 
S10/4-1     Ad 
5a 
1.60 125-180 0.52 ± 0.04 0.26 ± 0.02 0.18 ± 0.02 0.96 ± 0.03 23(24) CAM 4.9 ± 0.3 5.0 ± 0.4 
S10/4-2     Ad 1.10 125-180 0.50 ± 0.04 0.25 ± 0.02 0.19 ± 0.02 0.94 ± 0.04 24(24) FMM 1.4 ± 0.1 1.5 ± 0.1 
S10/4-3     Ad 0.60 125-180 0.55 ±0.04 0.32 ± 0.03 0.20 ± 0.02 1.07 ± 0.03 24(24) CAM 0.9 ± 0.1 0.8 ± 0.1 
S10/4-4     Ad 0.35 125-180 0.48 ± 0.03 0.27 ± 0.02 0.20 ± 0.02 0.96 ± 0.03 32(32) CAM 0.1 ± 0.1 0.1 ± 0.1 
S10/4-6   Ab 2.4 180-212 0.57 ± 0.04 0.29 ± 0.02 0.17 ± 0.02 1.04 ± 0.04 23(24) CAM 7.7 ± 0.2 7.4 ± 0.4 
S10/4-7   Ab 3.4 180-212 0.61 ± 0.04 0.39 ± 0.02 0.14 ± 0.04 1.13 ± 0.06 24(24) CAM 13 ± 1 12 ± 1 
S10/4-8   Ab 4.4 180-212 0.66 ± 0.04 0.38 ± 0.02 0.12 ± 0.03 1.16 ± 0.06 24(24) CAM 17 ± 1 15 ± 1 
S10/4-9   Ab 5.0 180-212 0.77 ± 0.05 0.67 ± 0.04 0.12 ± 0.06 1.56 ± 0.09 24(24) CAM 93 ± 8 60 ± 6 
S10/5-1     Ad 
5b 
0.87 125-180 0.71 ± 0.05 0.45 ± 0.03 0.19 ± 0.02 1.36 ± 0.04 17(24) FMM 20 ± 2 14 ± 2 
*S10/5-2  Ad 1.00 125-180 0.81 ± 0.05 0.48 ± 0.03 0.19 ± 0.02 1.48 ± 0.04 22(24) FMM 19 ± 2 13 ± 2 
S10/5-3   Ab 1.5 180-212 0.71 ± 0.03 0.36 ± 0.02 0.17 ± 0.02 1.24 ± 0.03 21(24) CAM 141 ± 10 113 ± 8 
S10/5-4   Ab 1.65 180-212 0.85 ± 0.04 0.34 ± 0.01 0.17 ± 0.02 1.36 ± 0.04 24(24) CAM 156 ± 13 115 ± 10 
S10/6-1     Ad 
3g 
0.50 125-180 1.14 ± 0.08 0.48 ± 0.03 0.20 ± 0.02 1.82 ± 0.05 24(24) CAM 0.4 ± 0.1 0.2 ± 0.1 
S10/6-2     Ad 12 125-180 0.55 ± 0.03 0.30 ± 0.02 0.07 ± 0.01 0.92 ± 0.04 23(24) n/a Not datable 
S10/6-3     Ad 12.5 125-180 0.55 ± 0.24 0.30 ± 0.02 0.07 ± 0.01 0.93 ± 0.04 21(24) CAM 56 ± 3 60 ± 4 
S10/6-4     Ad 13 125-180 0.43 ± 0.03 0.28 ± 0.02 0.06 ± 0.01 0.78 ± 0.03 18(24) FMM 45 ± 3 58 ± 4 
S10/8-1     Ad 
3h 
8.80 125-180 0.96 ± 0.07 0.47 ± 0.03 0.20 ± 0.02 1.63± 0.05 24(24) FMM 13± 1 8.2 ± 0.7 
S10/8-2     Ad 7.75 125-180 0.99 ± 0.07 0.45 ± 0.03 0.18 ± 0.02 1.63 ± 0.05 24(24) CAM 23± 1 14 ± 1 
S10/8-3     Ad 7.25 125-180 1.02 ± 0.07 0.46 ± 0.03 0.18 ± 0.02 1.66 ± 0.05 21(24) FMM 17 ± 1 10 ± 1 
S10/9-1     Ad 
5d 
0.66 125-180 0.68 ± 0.05 0.41 ± 0.03 0.20 ± 0.02 1.30 ± 0.03 24(24) CAM 14± 1 11 ± 1 
S10/9-2     Ad 0.60 125-180 0.71 ± 0.05 0.42 ± 0.03 0.20 ± 0.02 1.34 ± 0.04 24(24) FMM 16 ± 2 12 ± 2 
Table
S10/10-1   Ad 
5f 
0.85 125-180 0.87 ± 0.06 0.41 ± 0.03 0.19 ± 0.02 1.48 ± 0.05 24(24) CAM 0.1 ±  0.1 0.1 ± 0.1 
S10/10-2    Ad 0.95 125-180 0.92 ± 0.06 0.43 ± 0.03 0.19 ± 0.02 1.54 ± 0.05 24(24) CAM 0.1 ±  0.1 0.1 ± 0.1 
*S11/WN1  Ab 0.00 180-212 0.65 ± 0.04 0.30 ± 0.02 0.20 ± 0.02 1.25 ± 0.06 24(24) CAM 0.00 ± 0.02 0.00 ± 0.02 
S11/A2-1   Ab 
5c 
0.65 180-212 0.55 ± 0.02 0.31 ± 0.02 0.20 ± 0.02 1.06 ± 0.03 22(24) CAM 7.7 ± 0.5 7.3 ± 0.5 
S11/A2-2   Ab 0.75 180-212 0.55 ± 0.02 0.31 ± 0.02 0.19 ± 0.02 1.05 ± 0.03 24(24) CAM 9.6 ± 0.4 9.2 ± 0.5 
S11/A2-3    Ab 1.00 180-212 0.59 ± 0.03 0.30 ± 0.01 0.19 ± 0.02 1.07 ± 0.04 22(24) CAM 11 ± 1 10 ± 1 
*S11/1-1    Ab
3f 
1.20 180-212 0.99 ± 0.04 0.45 ± 0.02 0.18 ± 0.02 1.62 ± 0.05 22(24) CAM 112 ± 6 69 ± 4 
*S11/1-2    Ab 1.50 180-212 0.90 ± 0.04 0.41 ± 0.02 0.17 ± 0.02 1.48 ± 0.04 23(24) CAM 130 ± 6 88 ± 5 
*S11/1-3    Ab 2.35 180-212 0.83 ± 0.04 0.38 ± 0.02 0.16 ± 0.04 1.36 ± 0.06 21(24) CAM 140 ± 10 103 ± 9 
S11/2-3      Ab 
3a 
6.70 150-212 0.32 ± 0.02 0.21 ± 0.01 0.10 ± 0.05 0.63 ± 0.05 22(24) CAM 170 ± 8 270 ± 30 
S11/2-4      Ab 2.90 150-250 0.30 ± 0.02 0.29 ± 0.01 0.15 ± 0.08 0.74 ± 0.08 22(24) CAM 140 ± 6 190 ± 20 
S11/2-5      Ab 0.75 150-212 0.95 ± 0.04 0.56 ± 0.02 0.19 ± 0.07 1.70 ± 0.08 19(24) CAM 89 ± 11 52 ± 7 
*S11/3-1    Ab 3c 0.80 180-212 0.80 ± 0.03 0.38 ± 0.02 0.19 ± 0.04 1.36 ± 0.05 22(24) CAM 140 ± 7 104 ± 6 
Notes: 
1. A water content of 5±2% was assumed for all samples except the modern sample from the White Nile (WN1) for which a water content of 10±5% was
assumed, and samples SU10/3-1, SU10/3-2, SU10/6-2, SU10/6-3 and SU10/6-4 which had measured water contents of over 20%. For these samples the
measured water content was used in the dose rate calculations. The beta and gamma dose rates given here are after attenuation for water content and
grain size. Ab indicates samples analysed at Aberystwyth; Ad those analysed at Adelaide.
Field 
sample no 
Section/ 
Fig. no. 
Laboratory 
no 
Material Uncalibrated age 
(yr BP) 
Calibrated age 
(cal yr BP)_ 
S82/14 3b OZE-587 Oyster shell 38, 820 ± 330 43,150 ± 400 
S10/6-5 
3g 
Wk-28054 Mussel shell 33,736 ± 140 39, 113 ± 203 
S10/6-9 Wk-28058 Mussel shell 104.8 ± 0.5 Modern 
S10/6-7 Wk-28056 Mussel shell 36,066 ± 991 41,303 ± 906 
S10/6-8 Wk-28057 Mussel shell 47,814 ± 412 Beyond range 
S10/8-4 
3h 
Wk-28051 Mussel shell 11,094 ± 38 12,952 ± 42 
S10/8-5 Wk-28052 Mussel shell 11,572 ± 40 13,438 ± 42 
S10/8-6 Wk-28053 Mussel shell 11,082 ± 96 12,943 ± 85 
S11/2-2 
3a 
Wk-30975 Oyster shell 35,656 ± 490 40,949 ± 477 
S11/2-1 Wk-30976 Oyster shell 38,486 ± 600 43,411 ± 545 
S11/4-1 Wk-30973 Charcoal 2,849 ± 30 2,951 ± 43 
S11/4-3 Wk-30974 Mussel shell 1,165 ± 25 1,069 ± 35 
S11/4-2 Wk-30889 Ostrich eggshell 1,770 ± 25 1,689 ± 35 
Table 2. Radiocarbon ages of samples from the White Nile, Blue Nile and Dinder 
valleys, central Sudan. Calibrated using software package of Fairbanks et al. (2005). 
Table
Table 3. 
36
Cl exposure ages for moraines in the Semien Highlands, Ethiopia.
Sample ID Age (kyr) 
Mount Bwahit 
BUW 01  32.7 ± 1.4 
BUW 08  15.3 ± 0.7 
BUW 10  68.5 ± 3.5 
Mount Mesarerya 
MSA 01  27.4 ± 1.0 
MSA 04  36.4 ± 1.6 
MSA 07  18.1 ± 0.9 
MSA 10  46.2 ± 2.1 
Table
Table 4. Late Quaternary fluctuations in the Blue Nile hydrological cycle 
(a) The Blue Nile at 21-18 kyr BP
 Glacial cooling and aridity in Ethiopia.
 Weaker monsoon and less summer rain.
 Small cirque glaciers above 4 200 m in the Semien Mountains.
 Winters 4-8°C cooler.
 Slopes unstable down to 3 000 m, with periglacial solifluction mobilising
abundant coarse debris.
 Treeline 1 000 m lower in Blue Nile headwaters.
 Savanna/desert ecotone higher.
 High seasonal runoff, leading to high peak flows but overall annual discharge
much reduced.
 Blue Nile has a braided stream channel with sand and gravel point-bars.
 Distributary channels radiate out from the lower Blue Nile across the Gezira
alluvial fan.
 Dry season deflation of channel sands and formation of source-bordering
dunes at distal end of distributary channels.
 Coarse alluvial sands and gravels deposited in northern Sudan and southern
Egypt.
 Flow to and in the Main Nile highly seasonal, with much reduced winter flow.
 In very dry years the Main Nile probably dries out into a series of pools.
(a) The Blue Nile at 15-14 kyr BP
 Postglacial warming and return of the strong summer monsoon.
 Longer wet season and increased summer rainfall.
 Winters 4-8°C warmer and cirque glaciers melt and disappear.
 Slopes above and below 3 000 m in headwaters region now vegetated and
stable.
 Treeline 1 000 m higher in the headwaters.
 Lowland savanna expands across former semi-desert.
 Tuffs and basalts in the Ethiopian Highlands weather to form clay soils.
 Seasonal erosion of uplands clays provides Blue Nile with an abundant
suspension load of silt and clay.
 Higher annual discharge and enhanced base flow, with attenuated flood peaks,
but river still highly seasonal.
 Perennial flow re-established and prolonged widespread flooding in central
Sudan by sinuous and straight distributary channels.
 High seasonal discharge into the Main Nile together with seasonally high
suspension load.
Table
Table 5. Late Quaternary fluctuations in the White Nile hydrological cycle 
(a) The White Nile at 21-18 kyr BP
 Glacial aridity.
 Ugandan lakes low or dry.
 No overflow into White Nile.
 Sudd swamps and Machar Marshes in South Sudan dry out.
 White Nile flow reduced to a trickle.
 Dunes block the channel of the lower White Nile south of Khartoum.
(b) The White Nile at 18-15 kyr BP
 Postglacial warming and increase in summer precipitation.
 Ugandan lakes refill and overflow into South Sudan.
 Sudd swamps not yet re-established.
 Significant increase in White Nile discharge.
 White Nile annual flow regime more seasonal
 White Nile transports a significant bed load of medium to fine sand as well as
a large suspended load of silt and clay.
 Widespread flooding in the lower White Nile valley.
 White Nile becomes a major contributor of water and sediment to the Main
Nile.
(c) The White Nile at 15-11 kyr BP
 Summer monsoon remains strong.
 Sudd swamps and Machar Marshes in South Sudan re-established.
 Roughly half the water flowing into the Sudd lost to seepage and
evapotranspiration.
 Sudd operates as a gigantic physical and chemical filter.
 White Nile discharge roughly halved and sediment load reduced to minor
amounts of suspended clay.
 Flow regime buffered by Ugandan lakes and swamps and far less seasonal.
 White Nile becomes an important contributor to Main Nile during the drier
months, when discharge from the Atbara and Blue Nile is severely curtailed.
Table
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Figure 2: (a) Dose response curve for one aliquot of sample S11/A2-2 which gives a De of 
10.1±0.3 Gy. The natural OSL decay curve is shown in the inset. Note the logarithmic 
scale on the y axis. (b) Dose response curve for sample S11/2-3 illustrating the 
curvature of the OSL response at high doses. 
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